In severe drug-induced eruptions, bullous lesions can be associated with immune complex-mediated vasculitis and/or with T-lymphocyte-mediated keratinocyte apoptosis. We have recently identified endothelial cell apoptosis in severe bullous T-lymphocyte-mediated druginduced eruptions. We assessed microvessel involvement in the whole spectrum of T-lymphocyte-mediated druginduced eruptions. Thirty-two patients with T-lymphocytemediated drug-induced eruptions in 4 groups (8 cases of toxic epidermal necrolysis/Stevens-Johnson syndrome, 8 cases of drug rash with eosinophilia and systemic symptoms, 8 cases of acute generalized exanthematous pustulosis, 8 cases of drug maculopapular exanthema) and 8 healthy controls were included. On skin biopsy specimens, we performed a systematic ultrastructural study of endothelial cells, vascular walls, and inflammatory cells; a quantification of apoptotic cells, inflammatory infiltrate, and immune complex deposits; and we assessed granzyme-B, tumor necrosis factor, and Fas ligand expression. Correlations of apoptosis with clinical data of skin lesions and
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RUG-INDUCED ERUPTIONS
are linked to immune reactions. 1 Drug-induced leukocytoclastic vasculitis mediated by immune complexes has been characterized since 1952, 2 but drug-induced delayed hypersensitivity reactions, mediated by T cells, have only been recently subdivided. 3 They include toxic epidermal necrolysis (TEN)/Stevens-Johnson syndrome (SJS) a severe bullous drug-induced eruption; drug rash with eosinophilia and systemic symptoms (DRESS); acute generalized exanthematous pustulosis (AGEP); and drug maculopapular exanthema (DMPE). We have recently identified endothelial cell apoptosis in skin microvessels of TEN/SJS, 4 the most severe form of T-lymphocyte-mediated druginduced eruptions. To our knowledge, no systematic assessment of microvessel involvement has been performed in the other types of T-lymphocyte-mediated druginduced eruptions. In another type of T-lymphocyte-mediated disease, acute graft-vs-host disease (GVHD), we identified endothelial cell apoptosis in human digestive tract biopsy specimens. 5, 6 In an experimental model of allogeneic reactions, we demonstrated that these lesions, mediated through the Fas-Fas ligand (FasL) pathway, were present in skin, digestive tract, and liver, the classic target organs of acute GVHD, but also extended to the lungs and kidney. 7, 8 Herein, we systematically studied microvessel involvement in skin biopsy specimens of the different types of T-lymphocytemediated drug-induced eruptions and further assessed the relations with systemic involvement.
METHODS
Over a period of 5 years (2003-2008), 103 patients from Caen
University Hospital, Caen, France, had T-lymphocytemediated drug-induced eruptions, according to clinical and pathological criteria and drug imputability. 9 Among them, 32 patients were retrospectively included in this study because they had available snap-frozen and glutaraldehyde-fixed skin samples. There were 8 cases of DMPE (4 female and 4 male; median age, 57.5 [range, 4 The following clinical data were noted: (1) skin lesion extent greater than 60%, (2) presence of blisters and/or erosions, (3) presence of mucous lesions, (4) presence of purpura, and (5) liver, kidney, lung, and lymph node involvement. Liver involvement was defined by an increase in transaminase level; kidney involvement by increases in serum creatinine and blood urea nitrogen over normal laboratory values; lung involvement by a dyspnea associated with a noncardiogenic pulmonary edema or an interstitial pneumonia; and lymph node involvement by a lymphadenopathy, defined as palpable lymph node. The study was performed on the remaining skin samples left after diagnosis was established and on skin biopsy specimens for the 8 healthy controls (5 female and 3 male; median age, 50 [range, 30-61] years), previously studied. 4 The Caen University Research Ethics Committee approved the study protocol, and all patients and healthy controls gave their informed consent.
Skin biopsies performed for diagnostic purpose 2 to 4 days after eruption onset and before any steroid therapy, were divided into 3 parts. One was formaldehyde fixed and paraffin embedded, 1 was snap frozen, and 1 was glutaraldehyde fixed for electron microscopy. Ultrastructural study focused on microvessels, particularly endothelial cells and basal membrane, inflammatory infiltrate, and keratinocytes. Apoptotic cells were counted on TUNEL (terminal deoxynucleotidyl transferasemediated biotin-deoxyuridine triphosphate nick-end labeling). 10 Immunostainings, performed on following sister tissue sections, allowed inflammatory cell and cytotoxic effector molecule analyses, with antihuman monoclonal antibodies CD4 (1F6; Novocastra Laboratories Ltd, Newcastle upon Tyne, England), CD8 (4B11; Novocastra), CD15 (P12; Abcam, Cambridge, Massachusetts), CD20 (L26; Abcam), CD68 (KP1; Dako Corp, Glostrup, Denmark), granzyme-B (GrB-7; Dako Corp), FasL (G247-4; BD-Pharmingen, San Diego, California), tumor necrosis factor (TNF) (52B83; Abcam), and controls with irreleveant isotypic antibodies and lack of primary antibody. Immune-complex deposits were detected with fluorescent polyclonal antihuman IgG, IgA, IgM, and C3 antibodies (Dako Corp).
Counts were performed on 3 different fields for each section by 2 pathologists blind to the diagnosis (F.C. and A.J.) on Olympus-AX-70 microscope (Olympus Corporation, Tokyo, Japan) with wide-field eyepiece number 26.5 providing 0.344 mm 2 field-sizes at ϫ400 magnification. Results were expressed as mean (SD) number of cells per 3 fields at ϫ400 magnification. The 2 pathologists used separate slides randomly to count different cells. For the apoptotic cell counts, group comparisons were done with the Mann-Whitney test. PϽ.05 was considered significant.
RESULTS
Endothelial cell apoptosis was identified in all 4 types of T-lymphocyte-mediated drug-induced eruptions (Figure 1 and Figure 2 ). Ultrastructural study findings showed apoptotic endothelial cells without vascular wall damage in superficial dermal capillaries and postcapillary venules in all 32 drug-induced eruptions. Very few apoptotic endothelial cells were found in healthy control skin biopsy specimens. Endothelial cell apoptosis was focal, and different lesional stages were observed concomitantly on the same biopsy specimens: (1) signs of endothelial cell activation with prominent intraluminal nucleus, cytoplasmic microvilli, and vacuoles, (2) presence of apoptotic nuclei, (3) subendothelial cleft, and (4) loss of endothelial cells.
Apoptotic endothelial cell counts were significantly higher in the 32 drug-induced eruptions than in healthy controls. They were also significantly higher in TEN/ SJS and DRESS than in DMPE and AGEP. No significant difference between TEN/SJS and DRESS or between DMPE and AGEP was observed. T-lymphocyte-mediated drug-induced eruptions. In drug maculopapular exanthema (DMPE), ultrastructure showed turgescent endothelial cells with cytoplasmic villi (curved arrow), together with isolated apoptotic endothelial cell (arrowhead). In the epidermis, few apoptotic keratinocytes (arrowhead) are also found in the basal layer. In acute generalized exanthematous pustulosis (AGEP), apoptotic endothelial cells (arrowheads) and endothelial cells with features of activation (curved arrow) were also found in the same microvessel section. Apoptotic keratinocytes were more numerous than in DMPE and localized in the different epidermal layers. Compared with DMPE and AGEP, toxic epidermal necrolysis (TEN) and drug rash with eosinophilia and systemic symptoms (DRESS) had a higher number of apoptotic endothelial cells (arrowheads). Subendothelial clefts (arrows) could be observed in TEN microvessel, together with a high number of apoptotic keratinocytes (arrowheads) in the epidermal layer. Bars=25 µm.
Apoptotic keratinocytes were found at different epidermal levels-the basal layer in TEN/SJS, the granular layer in AGEP, and were scattered over the epidermis in DRESS and DMPE. Apoptotic keratinocyte counts were significantly higher in TEN/SJS than in healthy controls but not in DRESS compared with healthy controls. Interestingly a significant difference with healthy controls was also observed in apoptotic cell counts for AGEP but not for DMPE.
MICROVESSEL DAMAGE WAS LIMITED TO ENDOTHELIAL CELL APOPTOSIS
In all 32 drug-induced eruptions, infiltrate density was higher than in healthy controls (P Ͻ.001). Neutrophil (8.7%; range, 8%-10%) and eosinophil (7.5%; range, 4%-12%) percentages were low. No leukocytoclasia, vascular wall necrosis, perivascular hemorrhage, or thrombosis was found in any of the 32 drug-induced eruptions studied ( Table 1) . Pericapillary IgG and complement deposits were found in 1 TEN/SJS case (eFigure; http: //www.archdermatol.com), 2 DRESS cases, and 1 AGEP case. T lymphocytes (53.2%; range, 49%-56%) were more numerous than macrophages (27.3%; range, 20%-36%), with few B lymphocytes. CD4/CD8 ratio was less than 1 when the 32 cases were globally considered but varied with the type of T-lymphocyte-mediated druginduced eruption; less than 1 in severe forms (TEN/SJS and DRESS); and greater than 1 in AGEP and DMPE. In the case of cytotoxic effector molecules, granzyme-B and TNF were more expressed in TEN/SJS and DRESS than in AGEP and DMPE; FasL was not expressed in any of the cases studied (Table 1) .
ENDOTHELIAL CELL APOPTOSIS WAS RELATED TO CLINICAL SEVERITY
Considering the 16 TEN/SJS and DRESS cases, apoptotic endothelial cell numbers were significantly related to (1) skin lesion extent greater than 60%, (2) presence of purpura, and (3) liver and kidney involvement. In the same skin samples, the number of apoptotic keratinocytes was significantly related to the presence of blisters and/or erosions and to mucous lesions but not to skin lesion extent greater than 60%, presence of purpura, or systemic involvement ( Table 2) . Considering the 16 DMPE and AGEP cases, endothelial cell apoptosis was significantly related to the presence of purpura but not to any systemic involvement. In the same skin samples, there was no correlation between keratinocyte apoptosis and clinical data ( Table 2) .
COMMENT
We identified endothelial cell apoptosis in skin microvessels of 4 different types of T-lymphocyte-mediated druginduced eruptions with different degrees of clinical severity. These skin lesions, linked to delayed drug hypersensitivity reactions, have been recently subclassified into T-cell reactions that preferentially activate and recruit monocytes (type IVa), eosinophils (IVb), and neutrophils (IVd) through the release of cytokines and chemokines. Cytotoxic functions by CD4 or CD8 T-cells (type IVc) seem to participate in all type IV reactions.
3 CD8 T lymphocytes and apoptotic endothelial cells were found in our 32 cases, but even when endothelial detachment was observed, there was no association with vascular wall damage such as vessel wall fibrinoid necrosis, perivascular hemorrhage, or thrombosis. These features, together with the absence of leucocytoclasia, are different from leukocytoclastic vasculitis. 11 Moreover, immunecomplex deposits were only detected in 4 of 32 cases. In vitro, immune complexes are able to activate neutrophils, which release lysosomal enzyme, 12 and lysosomal proteinases with oxygen metabolites that alter subendothelial basement membrane. 13 Features of eosinophillinked cutaneous vasculitis were also not found in our cases. In this type of microvessel vasculitis, the mechanisms leading to endothelial cell damage are linked to cytotoxic properties of activated eosinophils 14 and to thrombotic effects of eosinophil major basic protein 15 and eosinophil peroxidase. 16 In T-lymphocyte-mediated drug-induced eruptions, the mechanisms leading to endothelial cell damage could be linked to T cells, but also to macrophage activation, 2 prominent perivascular cell types. Granzyme-B, a cytotoxic protein able to experimentally induce endothelial cell apoptosis, 17 was expressed around microvessels in the 32 cases; however, we did not observe direct cytoplasmic contacts between lymphocytes and apoptotic endothelial cells. TNF and FasL are also able to induce in vitro endothelial cell apoptosis. 18, 19 In vivo, we have previously shown that FasL is able to induce endothelial cell apoptosis in an experimental model of acute allogeneic reaction following T lymphocytes transfer in severe combined immunodeficient mice. 7 In our 32 T-lymphocyte-mediated druginduced eruptions, TNF, but not FasL, was highly expressed, particularly in TEN/SJS and DRESS. This discrepancy could be related to the time of the biopsies, since a significant decrease in serum soluble FasL has been reported in TEN/SJS after only 3 days. 20 Systematic ultrastructure allowed us to demonstrate that endothelial cell apoptosis was present in all types of Tlymphocyte-mediated drug-induced eruptions, but also that the microvessel damage was limited to endothelial cell without associated vascular wall damage. This latter feature had not been previously identified, perhaps because it cannot be easily detected on paraffin or frozen tissue sections. This endothelial damage could also be difficult to detect because of rapid endothelial repair. It has been established that apoptotic endothelial cells from the monolayer vascular endothelium can be cleared by the blood flow, 21, 22 and that cell death through apoptosis does not induce inflammatory reaction. 23 Moreover, endothelial repair can rapidly occur through local migration and proliferation of adjacent endothelial cells to the site of injury 21, 22 or through homing and incorporation of endothelial progenitor cells on the site of injury. Therefore, endothelial cell repair could more rapidly and efficiently occur when the lesion is limited to endothelial apoptosis without whole vascular wall damage.
As expected, the numbers of apoptotic keratinocytes was related to the presence of blisters and or erosions and of mucous lesions. 24 However, only the number of apoptotic endothelial cells was related to the extent of skin lesions. This involvement of microvessel damage in the severity of skin lesions in TEN/SJS and DRESS had, so far, not been reported. The number of apoptotic endothelial cells was related to the presence of purpura in all types of T-lymphocyte-mediated drug-induced eruptions studied. This underlines that even focal damage in the endothelial cover of the microvessel network favors red blood cell extravasation. Experimental studies of the endothelial barrier function using endotoxin-induced endothelial cell apoptosis demonstrated that disruption of endothelial monolayer was mediated in part through caspase cleavage of adherens junction proteins. 25 Moreover, FasL and perforin, cytotoxic effector molecules expressed by T lymphocytes, were able to induce endothelial cell apoptosis and vascular leak syndrome, without whole vascular wall disruption, as shown by ultrastructural study of lungs in mice. 26 Also significant were the relations between the skin apoptotic endothelial cell numbers and liver and kidney involvement in TEN/SJS and DRESS cases. Extracutaneous organ damage have been reported in TEN/SJS and DRESS, 27 with development of systemic lesions in the liver, 28, 29 digestive tract, 30 kidney, 31 and lung, 32 but no assessment of the microvessel involvement was performed in these cases.
The significant correlation between skin endothelial cell apoptosis and systemic involvement that we ob- served in severe T-lymphocyte-mediated drug-induced eruptions might reflect a systemic endothelial cell involvement. The diffusion of drugs and the recirculation of activated T lymphocytes in the whole microvessel network could both favor this systemic involvement. In acute GVHD, activated T lymphocytes are able to induce endothelial cell apoptosis in the skin, as well as other target organs of alloimmune reaction, such as the liver, digestive tract, and lung. [5] [6] [7] [8] Other teams also reported endothelial cell damage, and further systemic vascular damage at the chronic stage of GVHD in the skin. 33, 34 Concerning drugs, 2 types of interactions with T lymphocytes have been characterized: metabolization or degradation into reactive species, followed by combination with cellular protein to become haptens 35 or direct stimulation of T cells via interactions of the T-cell receptor in a major histocompatibility complex-restricted manner. 35, 36 These interactions between drugs and T lymphocytes could participate in a systemic endothelial cell involvement in severe T-lymphocyte-mediated drug-induced eruptions.
In conclusion, microvessel damage occurs in all Tlymphocyte-mediated drug-induced eruptions and could contribute to clinical severity, in particular in severe forms. 
